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A small fraction (approximately 5%) of  protein kinase C (PKC) in the adult rat brain synaptosomes is tightly associated with Triton X-100-insoluble 
components (mosl likely membrane-skeleto~, elements), and is so[ubilized only after denaturation with ~ l ium dodecyl sulfate. The kinase domain 
of  this PKC can be released as a soluble form after limited proteolysis with calpain, whereas the regulatory domaiJ~ which binds t~horbol ester 
remains insoluble. The PKC in this fraction was identified as the fil l-subspecies or its related molecule. Presumably. this enzyme subsl~ciex is
responsible for the phosphorylation f a major PKC substrate protein, growth-associated protei,t-43, which is located in nerve endings as ,.veil as 
in growth cones in association with the membrane-skeleton elements. 
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1. INTRODUCTION 
I t  has  been  postu la ted  that  p ro te in  k inase  C (PKC)  
i n  synapses  p lays  ro les  in  t ransmi t te r  re lease ,  ion  
channe l  modu la t ion ,  long- term potent ia t ion ,  and  neu-  
rona l  deve lopment  and  regenerat ion  ( fo r  rev iews  see  
[1 -5 ] ) .  A prev ious  repor t  fo rm th i s  laboratory  [6] de -  
sc r ibed  a quant i ta t ive  ana lys i s  o f  the  PKC subspec ies  in 
the  synaptosomal  so lub le  f rac t ions .  A l though re la t ive  
ra t ios  o f  the  0t-, i l l - ,  f i l l -  and  ? , - subspec ies  in the  synapo  
tosomes  great ly  vary  w i th  the  bra in  t i ssue  areas ,  a smal l  
f rac t ion  o f  PKC is a lways  assoc ia ted  t ight ly  w i th  in -  
so lub le  components  wh ich  are  not  ext rac tab le  by  any  
detergent  o r  by  h igh  sa l t .  The  nature  o f  these  detergent -  
inso lub le  components  is p resent ly  unc lear .  The  assump-  
t ion  has  been  made,  however ,  that  the  components  re -  
p resent  some membrane-ske le ton  e lements  [7]. These  
e lemetats  a re  known to  be  t ight ly  assoc ia ted  w i th  a 
ma jor  PKC-spec i f i c  subst ra te ,  g rowth-assoc ia ted  
prote in -43  (GAP-43 ,  F i ,  B -50 ,  neuromodu l in )  ( fo r  
rev iews  see  [4 ,5 ,8] ) ,  wh ich  is loca l i zed  spec i f i ca l l y  in the  
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p resynapt ic  reg ion  and  growth  cones .  The  present  
s tud ies  wi l l  i dent i fy  the  PKC in th i s  detergent - inso lub le  
f rac t ion  as  the /~ l l - subspec ies .  Th is  f ind ing  is cons is tent  
w i th  a recent  repor t  that  GAP-43  is phosphory la ted  
rap id ly  by  the  f l - subspee ies  [9]. 
2. MATERIALS  AND METHODS 
2.1. Materials 
PKC subspecies, 0t-, ffI-, f l l -  and y-subspecies, were prepared, ,s  
described [6,10]. Calpain Ii was purified from rat kidney [I II. 
2.2. dntibodies and imrnunoblot analysis 
A polyclonal antibody specific to the cz-subspecies, CKpV5r~-a, was 
raised against a synthetic oligopeptide .corresponding toa part of the 
carboxyl-termina! variable region V s of 0t-PKC fresidues 662-672, 
QFVHPlLQSAV) .  The specificity of this antibody was described [ 12]. 
A polyclonal antibody specific to the ill-subspecies, CKpVS~I-a, was 
[~-epared with a synthetic oligopeptide corresponding to a part of the 
variable region V 5 o f f l l -PKC (residues 66!-671, SYTNPEFVINVL 
A polyclonal antibody specific to the fill-subspecies, CKpVSpl l -a,  
was prepared with a synthetic oligopeptide corresponding toa part o f  
the variable region V 5 of ~I I -PKC (residues 660-673, SFVN- 
SEFLKPEVKS) .  The detailed procedure and specificity of these anti- 
bodies were described [13]. Fig. 1 shows the specificity of CKpVSf l -a  
and CKpVSfl l l -a employed in the present studieg, which could dis- 
tinguish the il l- and f l l -subspecies. A polyclonal antibody specific to 
the 7"-subspecies, CKpV3y-a,  was prepared with a synthetic oligo- 
peplide corresponding to a part of the variable region V3 of  7-PKC 
(residues 315-328, SPIPSPSPSPTDSK) as dcscribed [14]. A mono- 
clonal antibody recognizing all of  the 0e-, ~l-, ~'11- and 7-subspecies, 
CKmClp -a ,  was prepared with a synthetic oligopeptide correspond- 
ing to a part o f  the conserved region Ct of~I/~I I -PKC (residues 20~39, 
FARKGALRQK NVHEVKNHKF) .  The specificity of this antibody 
was described [10]. 
lmmunoblot analysis with the PKC subspecies-specific antibodies 
was performed mJer  the conditions pecified [ 10, ! 2-14 l. 
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Fig. 1. Specificity of polyclonai antibodies against the ~1- and ,6|l- 
subspecies o f  PKC. Specificities o f  CKpVSfl l -a and CKpVSfl l I -a was 
analyzed by immunoblot procedures using the standard preparaticms 
of  the ct-, BI-. BII- and 7-subspecies which were prepared as described 
[6,10]. The molecular sizes in kDa of  the standards arc indicated by 
arrows. Lane I, ~-subspecics; lane 2, El-subspecies; lane 3, ~II-subspe- 
ties; and lane 4, 7-subspecies. 
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Fig. 2. lmmunoblot  analysis o l  the synaptosoma] Tr iton X-100 insolu- 
ble components.  The synaptosomai Triton X-100-insoluble fraction 
(51/2g protein) and purified PKC (0.24 g/g protein) were subjected to 
SDS/PAGE and followed by immunoblot  analysis. Lane !, rat brain 
purified PKC (mixture): lanes 2-5, synaptosomal Tr iton X-100 insolu- 
ble elements. The first antibodies used were CKmCI,6-a for lane 1, 
CKpV3T-a for lane 2, CKpVSff l -a for lane 3, CKpVSpI I -a  for lane 
4~ and CKpVS~t-a for lane 5, respectively. The gel was cal ibrated with 
the following standards: myosin, 205 kDa; phosphorylase b, 97 kDa; 
bovine serum albumin, 66 kDa, ovalbumin, 45 kDa; and carbonic 
anhydrase. 29 kDa. The position o f  the purified PKC (82 kDa) is 
indicated by an arrow. 
2.3. Preparalion of synaptosornal insoluble componenls 
The cerebral tissues from adult male 3pragu~.-Dawley rats were 
fraetionated into the subfractions (P2A, myelin; P2B, synaptosomal; 
P2C. mitochondrial; and P3, microsomal fractions) by the procedure 
described by Krcuger ct al. 115] except hat a Tris-buffercd sucrose 
solution (20 mM Tris-HCI, pH 7.5, 0.32 M sucrose, 2 ram EDTA, 2 
mM EGTA, ! ram leupeptin and 0.4 mM (p-amidinophenyl)- 
mctancsulfonyl fluoride hydrochloride) was employed. The P:B sy- 
naptosomal fraction was sonicated 4 times, each time for 15 s in the 
presence of 2% (v/v) Triton X-100 and 0.1 mM ieupeptin, stirred fo r  
30 min at 0°C. and centrifuged for 30 min at 100 000 × g. The pellet 
was suspended with !0 vo|s o f  buffer A (50 mM HEPES at pH 7.5, 
0.5 mM EGTA, 0.5 mM EDTA,  and 0.1 M NaCI), containing 1% (v/v) 
Triton X-100. This extraction procedure was repeated 2 more times. 
The resultant pellet was washed once with buffer A, and the final pellet 
was suspended in buffer A. 
2.4. Enzyme assay 
Protein kinase activity was assayed by measuring the incorporation 
of  ~2P i into a synthetic PKC-spccific oligopeptide substrate, MBP4.~4, 
under the condit ions pecified |16]. 
2.5. Protein phosphorylation 
The synaptosomal Triton X-100 insoluble components  were in- 
cubated with [y-32P]ATP in the presence ofCaCI2, phosphatidylserine 
and diolein. Where indicated, purified PKC was added to the incuba- 
tion mixture. The phosphorylat ion reaction was terminated by the 
addition of  SDS-¢ontaining electrophoresis sample buffer, and ali- 
quots o f  each sample solution were subjected to SDS/PAGE as de- 
scribed [6]. The gel was dried and exposed to an X-ray film. 
2.6. Other methods 
Phorbol ester-binding was measured by using [;H]phorbol 12,13- 
dibutylate as described [17]. Protein was determined using bovine 
serum albumin as a standard [18], 
3. RESULTS 
3.1.  lmmunob lo t  ,~nalysis o f  synaptosomal  insoluble 
components  
F igure  2 shows  i rnmunob lo t  ana lys i s  o f  the  Tr i ton  
X -100  inso lub le  components  us ing  ant ibod ies  spec i f i c  to  
the  PKC subspec ies .  The  inso lub le  components  con-  
ta ined  an  immunoreact ive  band w i th  an  apparent  mo-  
lecu la r  we ight  o f  78 kDa,  wh ich  is s l ight ly  smal le r  than  
that  o f  the  PKC subspec ies  in  the  so lub le  f rac t ion  (80-  
82 kDa)  [ i 0], The  band was  recogn ized  by  the  ant ibody  
spec i f i c  to  f l l I - PKC ( lane  4 )  and  reacted  fa in t ly  w i th  the  
ant ibody  aga ins t  c t -PKC ( lane  5) ,  but  the  ant ibod ies  
aga ins t  the  T- and/ f f i - subspec ies  d id  not  recogn ize  the  
78 kDa prote in .  Th is  78  kDa prote in  was  not  so lub i l i zed  
by  var ious  ion ic  and  non- ion ic  detergents  such  as  
deoxycho la te  and  Tr i ton  X -100  or  by  sa l t s  such  as  KC I  
and  L iBr  even  a t  h igh  concent ra t ions ,  ind icat ing  that  
th i s  p ro te in  is assoc ia ted  t ight ly  w i th  s t ruc tura l  e le -  
ments .  Semi -quant i ta t ive  immunob lo t  ana lys i s  o f  the  
so lub le  and  inso lub le  f rac t ions  by  dens i tometry  
suggested  that  about  10% o f  the  f l I l - subspec ies  in  sy -  
naptosomes  is assoc ia ted  w i th  these  inso lub le  com-  
ponents .  I t  was  prev ious ly  found that  the  f l I l - subspec ies  
is  a ma jor  PKC i so form in  the  ra t  cerebra l  synap-  
tosomes ,  and  represents  near ly  one  ha l f  o f  the  to ta l  
PKC act iv i ty  [6]. Thus ,  approx imate ly  5% o f  the  PKC 
in  synaptosomes  is t ight ly  assoc ia ted  w i th  the  Tr i ton  
X -100- inso lub le  components .  
3.2.  Calpain  d igest ion o f  synaptosomal  insoluble com-  
ponents  
A Ca2+-depcndent  neut ra l  p ro tgasc ,  ca lpa in ,  is  known 
to  c leave  PKC to  produce  2 f ragments :  ca ta ly t i c  and  
regu la tory  f ragments .  The  synaptosomal  inso lub le  com-  
ponents  were  incubated  w i th  ca lpa in  I I ,  and  the  resu l t -  
ing  so lub le  and  inso lub le  f rac t ions  were  sub jec ted  to  
immunob lo t  ana lys i s .  As  shown in  F ig .  3, a f te r  the  
ca lpa in  t reatment ,  a p ro te in  band w i th  an  approx imate  
molecu lar  we ight  o f  46  kDa,  wh ich  cor responds  to  the  
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Fig. 3. lmmunoblot analysis of the synaptosomal Triton X- 100 insolu- 
ble elements after calpain treatment. The synaptosomal Triton X-iO0 
insoluble fraction (900 ~g protein) was incubated with calpain ![ (9 
~ug protein) at 20°(2 for 30 rain in the reaction mixture (0.5 ml)contain- 
ing 20 mM Tris-HCI at pH 7.5. 5 mM 2-mercaptocthanol. I% (v/v) 
T~n 20, 0.7 mM CaCI2, 10~ug/ml phosphatidylserine, 1 /~g/ml dio- 
lein, and 0.5 juM H I his(one. After incubation, the reaction was stop- 
pea by the addition of EGTA (final concentration 4 raM). and the 
mixture was centrifuged at 100000 × g for 30 min at 4°C. After 
centrifugation, the pellet was suspended in0.5 ml of buffer A. Aiiquots 
(20/~1 each) of the resultant supernatant and pellet were subjected to 
immunoblot analysis. Lane I, purified rat brain PKC (mixture); lane 
2, whole synaptosomes (! 16/us protein); lane 3, synaptosomal Tritc, n 
X-100 insolable components (51/~g protein); lanes 4 and 5, the pellet 
and supematant fractions of the synaptosomal Triton X-100-insoluble 
components after the treatment v,ith ¢alpain It, respectively. The first 
antibodies used were CKmCI]/-~ for lane !, and CKpVSffli-a for lanes 
2-5. The positions of the 82 kDa, .78 kDa, and 46 kDa protein hands 
arc indicated by arrows. 
ca ta ly t i c  f ragment  o f  PKC [19], was  found  in the so lub le  
( lane  5), but  not  in the  inso lub le  ( lane  4) f rac t ion .  A 
pro te in  k inase  react ive  w i th  a PKC-spec i f i c  o l igopept ide  
subst ra te ,  was  recovered  in the so lub le  f rac t ion ,  wh ich  
was  independent  on  Ca  2". phosphat idy l ser ine  and  
d io le in .  The  so lub le  pro te in  k inase  thus  generated  f rom 
the  inso lub le  components  was  sub jec ted  to  gel f i l t ra t ion  
(F ig .  4). An  immunoreact ive  46 kDa prote in  band (F ig .  
4A)  appeared  at  the  pro te in  k inase  peak  (F ig .  4B). The  
pseudo-subst ra te  pept ide  PKC,9  3~ [20], an  inh ib i to ry  
pept ide  speci f ic  to  PKC subspec ies ,  inh ib i ted  th is  
p ro te in  k inase  act iv i ty .  
PKC is wel l  known as the  recept ive  pro te in  o f  
tu rnout -promot ing  phorbo l  esters  and  the  b ind ing  site 
is loc~ted  in the  regu la tory  domain  [2]. The  synapto -  
somal  T r i ton  X -  100- inso lub le  components  b ind  
phorbo i  es ter  (0.22 pmoi /mg prote in ) .  A f te r  d iges t ion  
w i th  ca lpa in  the  inso lub le  f rac t ion  sti l l  re ta ined  97% o f  
the  b ind ing  ac t iv i ty ,  whereas  the  so lub le  f rac t ion  cou ld  
not  b ind  phorbo l  ester .  The  resu l ts  ind icate  that  f l I l -  
PKC or  its re la ted  molecu le  is t ight ly  assoc ia ted  w i th  the 
membrane-ske le ta l  e lements  th rough its regu la tory  
domain ,  and  that  the  cata ly t i c  f ragment  is re leased  as 
a so lub le  fo rm a f te r  l im i ted  pro teo lys i s  by  ca ipa in .  
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Fig. 4. Gel  f i l t rat ion ana lys is  o f  protein k inase f rom gynaptosomal  
Tr i ton  X-100- inso lub le  elements generated by ca lpain treatment.  The  
synaptosomal  Tr i ton  X-100- inso lublc  f ract ion (9 mg protein~ was in- 
cubated  with ca lpa in  I! (90~ug prote in)  in a large sca|e react ion mtxture 
(5 ml) as descr ibed in the legend to Fig. 2. The subsequent  procedures  
were carr ied out  at  0- 4°C. The  react ion mix ture  v~as centr i fuged and 
the supcrnatant  f ract ion wa:, app l ied  on a hydroxyapat i te  co lumn (0.8 
x i ¢m) equ iEbratgd with 20 mM Tr is -HCI  at pH 7.5 con la in ing  0.5 
mM EGTA,  0.5 raM EDTA,  and  l0 mM 2-mercaptoethanoL  Af ter  
the co lumn was  washed with the same buffer, prote ins  were e luted with 
I ml o f  0.3 M potass ium phosphate  at  pH 7.5 conta in ing  0.5 mM 
EGTA, 0.5 mM EDTA. l0 mM 2-mercaptoethan~q, and 10% (v/v) 
glycerol .  The e!uate was  direct ly subjected to gel f i l t rat ion on a Super- 
os¢ 12 HRI0 /30  co lumn connected  to a fast protein l iquid chromatog-  
raphy system (Pharmac ia -LKB I  which was equil ib~'ated with 20 mM 
Fr is - l tC I  at  pH 7.5 conta in ing0 .5  mM EGTA.  0.5 mM EDTA.  l0  mM 
2-mere.sp ine(hanoi .  0.02% (v /v)  Tr i ton  X-100. and 0.5 M NaCI .  Pro-  
t¢in was  e luted with the same so lut ion at a flow rate of  0.3 ml/min~ and 
f ract ions  o f  0.3 ml each were col lected. (A) Immunob lo t  ana l ) s i s  An 
; " iquot o f  the peak  fract ion was subjected to immunob lo t  ana lys is  
us ing the po lyc lona l  ant ibody  CKpVS~l l -a ,  The po~it ion o f  the 46 
kDa prote in  react ive with the ant ibody  is ind icated by an arrow,  (B) 
Prote in  k inase  act ivity.  An a l iquot  o f  each f rac l ion was  assayed for 
prote in  k inase act iv i ty  us inga  synthet ic  pept ide.  MBP.  ,4. as substr~*_¢. 
EGTP  {0.5 mMI  was  added instead o fCaC l : ,  phosphat idyb.cr ine  and  
diacylg lycerol .  
3.3. Phosphorylation o f  ~3'nuptosomul insoluble c'ompo- 
nenls 
The synaptosomal  f rac t ion  (P2B) conta ined  a s ignif i -  
cant  amount  o f  T r i ton - inso lub le  PKC,  whereas  the 
mye l in  (P ,A)  and  mic rosomal  f rac t ion  (P~) conta ined  
on ly  a smal l  amount  o f  PKC.  P rac t i ca l l y  no  PKC was  
detected  in the  mi tochondr ia i  f rac t ion  (P~C). Incubat ion  
o f  the  synaptosomal  T r i ton  X -100- inso lub le  com-  
ponents  w i th  rad ioact ive  ATP  resu l ted  in the  phospho-  
ry la t ion  o f  a p ro te in  w i th  an  approx imate  molecu la r  
we ight  o f  45 kDa in the  presence  o f  Ca  ~'+. phosphat idy l -  
ser ine  and  d io le in  (F ig .  5A).  Th is  phosphory la t ion  o f  
the  45 kOa prote in  was  more  ev ident  when a la rge  
excess  o f  pure  type  l i  (~/) PKC was added (F ig .  5B). The  
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Fig. 5. Protein phospho~3~lation o fsynaptogoma!  Tr i ton X-100-insolu- 
ble elements. The synaptosomal  Triton X-100-insoluble cle~r=ents (24 
jag protein) were inc .bated at 30°C for 6 min in the reaction m.;xture 
(50 /~1) containing 20 mM Tris-HC! at pH 7.5, 5 mM mamaesium 
acetate. 10raM 2-mercaptoethanol ,  0 .01% (v/-)  T "'on X-100, 10~'tM 
ITJ2P[ATP (3 × 105 cpm), 10 jug/m1 phosphatidylserine, I/ap~/~,~l diolein 
and 0.2 mr~l CaCIz, in the presence or absence of  purified type tI(~) 
PKC (0.2 ~g protein), in a control  experiment.  EGTA (0.7 mM)  was 
added to the mixture instead of  phosphatidylserinc,  diolein and CaCl2. 
After the reaction was terminated, the samples were subjected to 
SDS/PAGE and then to autoradiography.  A and B, wi thout  and with 
purified type 11(~) PKC,  respectively. Lanes 1 and 3, in the presence 
of  EGTA;  and lanes 2 and 4, in the presence o f  phosphatidylser ine,  
diolein and CaCI 2. The posit ion of  45 kDa protein is indicated by 
arrows.  
resu l ts  ind icate  that  the  45 kDa prote in ,  p resumably  
GAP-43  is a ma jor  subst ra te  prote in .  
4. D ISCUSSION 
Assoc ia t ion  o f  PKC wi th  cy toske le ta l  e lements  has  
been  suggested  in cu l tured  c~ils [21], rat bra in  post -  
synapt ic  dens i t ies  [22], and  ch icken  neuron  and  bra in  
[7], as es t imated  by  e i ther  phorbo l  es ter -b ind ing  assay  
or immunob lo t  assay.  In the  present  s tud ies ,  the  78 kOa 
prote in ,  wh ich  is recogn ized  by  the  ant ibody  aga ins t  
~ I I -PKC,  was  detected in T r i ton  X -100- inso lub le  com-  
ponents  o f  rat bra in  synaptosomes .  Th is  p ro te in  can  be 
re leased as a so lub le  fo rm on ly  after ca lpa in  t reatment ,  
and the proteo ly t i c  f ragment  shows  a molecu lar  we ight  
as wel l  as enzymat ic  proper t ies  ident ica l  w i th  those  o f  
the  authent ic  cata ly t i c  f ragment  wh ich  is generated  
f rom the pur i f ied PKC.  It is  conc luded that  the ~I i -  
subspec ies  o f  PKC is t ight ly  assoc ia ted  w i th  the  in- 
so lub le  components ,  p resumably  the  cytoske le ta l  
network ,  and  may have  some role in the  cont ro l  o f  
synapt ic  processes .  Moss  et al.  [7] have  repor ted  that  
more  than  50% o f  membrane-assoc ia ted  GAP-43 ,  
wh ich  is a ma jor  phosphoprote in  in the  synapt ic  p lasma 
membrane  and growth  cone  preparat ions  [8], is res is tant  
to  non- ion ic  detergent  ext rac t ion .  GAP-43  is known to  
be  a preferred target  o f  PKC,  and  phosphory la t ion  o f  
Ser  4' o f  th i s  p ro te in  by  PKC decreases  i ts  ab i l i ty  to  b ind  
ca lmodu l in  [23]. It is p laug ib le  that  the  45 kDa prote in  
presented  above  is GAP-43 ,  and  is phosphory la ted  by  
f f I I -PKC in cy toskc le ta l  e!em~.nts.  
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